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Abstract

Flexible electronics are the promising technology for prospective application in
foldable phones. Currently, indium tin oxide (ITO) has been widely used for electronic devices including flat-panel display. However, it is brittle and expensive. Metal
nanowires are considered as alternative materials. Among various metal nanowires,
copper nanowires are attractive because of its high electrical conductivity, better flexibility, and low cost compared with ITO. However, copper nanowires are very prone to
oxidize, which causes subsequently degradation of electrical conductivity. Due to this
oxidation issue, core-shell structure nanowires, which are formed silver shell having
high conductivity and low resistivity on the surfaces of copper nanowires are considered to enhance oxidation resistance. The objective of the present study is to optimize
the synthesis of copper nanowires to improve yields changing synthesis and increasing the dimensions of the nanowires. Copper nanowires are synthesized under various
conditions, which are different concentrations of hydrazine (N2 H4 ), ethylenediamine
(EDA), sodium hydroxide (NaOH), and copper precursor, and synthesis temperatures. In addition, a new facile method using an eco-friendly organic compound A is
developed to fabricate copper-silver core-shell structure (Cu-Ag) nanowires.
The highest yield of copper nanowires is obtained with the length of 4 - 13 µm and
the diameter of 250 - 550 nm with an amount of 15 µl of diluted N2 H4 . The excessive
amount of diluted N2 H4 leads to an unbalance in the process and causes formation

ii
of copper nanoparticles. The smooth surface of copper nanowires is observed at
synthesis temperature of 70 ◦ C. This is because EDA is likely actively performed at 70
◦

C to protect the surface of copper seeds to prevent the aggregation. The insufficient

amount of EDA induces copper seeds, which aid not grow to copper nanowire, and
the formation of tapered copper nanowires, while the excessive amount of EDA causes
the irregular surface of copper nanowires. High-quality copper nanowires, which have
the length of longer than 18 µm and the diameter of 25 - 45 nm, are obtained by
controlling the concentration of NaOH from 14.7 M to 9 M. NaOH concentration
below 9 M is required the increased amount of EDA to prevent forming copper seeds
from being aggregated. When the concentration of copper precursor is increased,
copper nanowires become shorter in length and thicker diameter and the aggregation
of copper seeds is observed. Cu-Ag nanowires are fabricated successfully by a new
facile method using eco-friendly organic compound A. The result shows the thickness
of silver shell close to 12 nm.
This study indicates various synthesis conditions for copper nanowires to find the
optimum condition and shows a new facile method to eco-friendly fabricate Cu-Ag
nanowires. In addition, this study provides high potential in extensive applications
of these nanowires such as flexible and stretchable devices.
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Chapter 1
Introduction

1.1 Background

With the rapid growth of Internet of Things (IoT), flexible electronics become one
of the most exciting and promising technologies for prospective applications such
as foldable tablets and phones, bendable photovoltaic cells, bendable light emitting
diodes (LEDs), and wearable sensors. Transparent electrodes are essential component
for these electronics requiring low resistance electrical contacts without blocking light.
Traditionally, indium tin oxide (ITO) was used as transparent conductor for a variety
of applications such as flat-panel display, touch screen (Zhang et al. [2018a]), and
solar cells because of its high conductivity, low resistance, and high transmittance
(Guo et al. [2013]; Wang et al. [2018]). However, ITO is brittle, expensive, and rare
material on earth (Hwang et al. [2016]). When ITO is used on the flexible electronics,
the substrate can crack while bending or stretching force is applied. Those cracks
not only degrade the conductivity, but also cause device reliability issue. The poor
reserves of material, coupled with significant increase in demand, may make it difficult
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to produce with cost-effective and large-scale (Naghdi et al. [2018]).
Therefore, new materials are needed to overcome drawbacks of ITO while matintaining conductivity in the future. Several nanomaterials are promising candidate
as alternatives to ITO, including carbon nanotubes (CNTs), graphene, and metal
nanowires (Koo et al. [2016]; Zhang et al. [2012]; Rathmell and Wiley [2011]). This
is because the reduced dimensions of material have an impact on device performance
(Vaseashta and Malinovska [2005]). Table 1.1 summarizes the physical properties of
potential transparent electrodes including transmittance, sheet resistance, and their
flexibility. As shown in Table 1.1, CNTs and graphene are not proper as alternatives
material because of their relatively low optoelectronic performance and low conductivity compared with ITO (Nam and Lee [2016]).
Table 1.1: Physical properties of potential transparent electrodes (Hsu et al. [2013];
Hu et al. [2011]; Lee et al. [2012])
Material

Transmittance (%)

Sheet Resistance Ω/sq

Flexibility

ITO

90

20

No

CNT

80

150

Yes

Graphene

80

200

Yes

Gold Nanowire

95

7.2

Yes

Silver Nanowire

90

10

Yes

Copper Nanowire

90

34.8

Yes
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Metal nanowires with superior properties including transmittance and sheet resistance to ITO stood out as the promising alternative materials (Jason et al. [2015]).
Conductive metal nanowires play a vital role in fabricating flexible conductor with
small dimension. Nanowires as one-dimensional (1D) nanomaterials have nanometer
(nm) size of diameter and micrometer (µm) size of length with both high flexibility
and high transmittance while at the same time retaining a superior conductivity (Kumar et al. [2015]). Their shape and dimension can be controlled through the synthesis
process.
Among the listed metal nanowires as shown in Table 1.1, silver and copper
nanowires have comparable electrical properties on ITO (Wang and Ruan [2016]).
However, the application of silver nanowire is still challenging because of its high
cost (Zhao et al. [2016]). It is very challenging to manufacture nanowires massively.
Copper nanowires receive tremendous attention for the flexible interconnect because
of the combination of high performance and low cost (Ruan et al. [2016]). Copper
has a conductivity of only 6 % less than silver, and has the second lowest resistivity
in metal materials (Ding et al. [2018]). In addition, it has extremely high reserves
and 100 times less expensive than silver (Duong and Kim [2017]; Ye et al. [2014a];
Ye et al. [2016]). Furthermore, copper nanowires can be easily synthesized at the
low temperature with not only saving time but also cost-effective because copper, as
metal precursor in synthesis method, is inexpensive (Tran et al. [2017]). Therefore,
its nanowire can be fabricated with significantly low cost and superior properties.
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However,once the copper nanowires are exposed to ambient condition, the formation of thin layer of copper oxide on the surface of the nanowires significantly
decreased electrical properties (Wei et al. [2015]; Mardiansyah et al. [2018]). The formation of oxidation-resistant metallic shell on the copper nanowire is an effective way
to prevent the oxidation of copper nanowire. Among metals, nickel (Ni), platinum
(Pt), gold (Au), and silver (Ag) are suitable for shell metal because those have the
low resistivity and high electrical conductivity. Even if silver oxide is generated, it
has much more electrical conductivity than copper oxide (Luo et al. [2013]). Therefore, it is of great interest to develop core-shell (copper-silver) structured nanowire
instead of pure silver nanowire to achieve the effect of low cost while retaining superior
conductivity.

1.2 Literature review

Copper Nanowire Properties and Applications
Copper nanowires have been become as one of the promising alternatives for next generation competed with the conventional conductive material and other metal nanowire
including silver and gold (Zhao et al. [2016]). This is because copper nanowires have
superior electrical resistivity (1.673 µΩ·cm at 20 ◦ C) (Element [2019]), good flexibility, and being stretchable. The flexibility is one of the important components for
fabrication of wearable electronic devices. Zhang et al. [2018b] have demonstrated
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the stretchable reliability of copper nanowires with the test of repeated stretching
and releasing for applying to wearable stretchable sensor. This sensor was proved the
current stability and high sensitivity with quick response. Copper nanowire transparent conductive electrodes have been applied to touch screen by Chu et al. [2016].
Due to high transmittance and low resistance, touch screen controlled easily the devices to turn on the light of LED. In addition, copper nanowires have been applied
in various fields including solar cells, lithium-ion battery, and LEDs (Naghdi et al.
[2018]; Bhanushali et al. [2015]).

Synthesis of Copper Nanowire
Various methods for growth of copper nanowires have been studied for a few decades,
such as chemical vapor deposition (Choi and Park [2004]; Kim et al. [2008]), vacuum
thermal decomposition (Haase et al. [2007]), the template-based method (Inguanta
et al. [2009]; Gelves et al. [2006]; Pate et al. [2014]; Monson and Woolley [2003]), and
the solution-based method (Wei et al. [2015]; Chang et al. [2005]; Nuryadin et al.
[2016]) as shown in Figure 1.1.
The chemical vapor deposition method uses evaporation of copper precursor. Copper nanowire is stacked on the solid substrate at temperature between 200 ◦ C - 300
◦

C. This method is useful to grow vertically and laterally with well-aligned copper

nanowire (Choi and Park [2004]; Kim et al. [2008]). However, this method requires
high temperature and complex metal precursor of organometallic. The vacuum ther-
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Figure 1.1: An overview of copper nanowire synthesis methods

mal decomposition process consists of heat treatments until evaporation of the copper
precursor to be deposited in the sealed ampule under the low pressure and at various temperatures even 1100 ◦ C (Haase et al. [2007]). The template-based method
using different kind of templates can be employed to obtain copper nanowire at room
temperature. This method is effective in controlling the dimension of nanowires.
However, it requires electrode preparation, reusability of template, and longer reaction time (Inguanta et al. [2009]; Gelves et al. [2006]; Pate et al. [2014]; Monson and
Woolley [2003]).
The solution-based method is mainly carried out by reducing copper precursor
ions to obtain pure copper nanowires. This method has been considered one of the
simplest and fastest ways to synthesize copper nanowires and has several advantages
compared to others: 1) Low reaction temperature and short synthesis time, 2) Simple
procedure, 3) Easy commercialization, 4) Use cheap metal precursor, 5) Relatively
high yield, and 6) The dimensions of copper nanowires can be simply controlled by the
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ratio of capping and reducing agents (Kumar et al. [2015]; Kim et al. [2016]). However, the solution-based method allows contaminants to coexist in copper nanowire
solution. However, these contaminants can be washed away with cleaning agent, such
as methanol.
Table 1.2 summarizes advantages and disadvantages of the methods described
above, which have been used to synthesize copper nanowires. In this study, copper
nanowires were synthesized by using the solution-based method.
Table 1.2: An overview of copper nanowire synthesis methods
Methodology

Advantage

Disadvantage

Chemical Vapor
Deposition

Well-aligned copper nanowire

Need high temperature
Use an organometallic
Complicated procedure

Vacuum Thermal
Decomposition

Easy to decompose an
organometallic

Need high temperature
Complicated procedure

Template-based

Can be synthesized at room
temperature
Effective in handling dimension

Complexity of electrode
preparation
Longer reaction time

Solution-based

Simple synthesis procedure
Fewer restrictions for the choice
of copper precursor
Practical condition including
reaction temperature and time
Easy commercialization

Use a toxic chemical
Can be contaminated by
other chemicals
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For the solution-based method, capping agents, which are used to grow nanowire
in constant direction, and reducing agents, which are used to reduce metal ions are
required (Ye et al. [2014b]). The synthesis of copper nanowires by the solution-based
method was produced with different copper precursors, capping agents, and reducing
agents as shown in Tables 1.3 and 1.4. The precursor of copper nitrate (Cu(NO2 )3 )
and copper chloride (CuCl2 ) are mainly used as copper precursor. Chang et al. [2005]
conducted research for first time to synthesize copper nanowire by reducing copper
ions using hydrazine (N2 H4 ) as the reducing agent in the solution, which was contained ethylenediamine (EDA) as the capping agent, in the solvent of deionized water
(DI H2 O). Since then, many researchs have been conducted on how to control the
formation of copper nanowires with the N2 H4 as reducing agent and EDA as capping
agent as shown in Table 1.3. Rathmell et al. [2010] implemented synthesis of copper
nanowires to prove large scale in the solution by developing approach conducted by
Chang et al. [2005]. 1.2g of copper nanowires were obtained with increasing of experimental condition and such copper nanowires were formed with spherical nanoparticle
at the one end of copper nanowires as shown in Figure 1.2. The synthesis conditions and the dimensions of synthesized copper nanowires based on EDA and N2 H4
are summarized in Table 1.3. As shown in Table 1.3, with EDA and N2 H4 , copper
nanowires can be formed at relatively lower temperature compared with other capping
agents and reducing agents.
Table 1.4 shows the dimensions of synthesized copper nanowires under different
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Figure 1.2: SEM image of copper nanowire reported by Rathmell et al. [2010] showing
the presence of spherical seed on one end of the nanowires

Table 1.3: The effect of synthesis temperature and time on dimensions of copper
nanowire with EDA and N2 H4 showing higher synthesis temperature resulted in
shorter length
Copper Capping Reducing Condition
Precursor Agent
Agent

Dimension
(Diameter/Length)

Ref.

Cu(NO2 )3

EDA

N2 H4

60◦ C, 15h

90 - 120nm/ 40-50µm

Chang et al.
[2005]

Cu(NO2 )3

EDA

N2 H4

80◦ C, 1h

90±10nm / 10±3µm

Rathmell et al.
[2010]

Cu(NO2 )3

EDA

N2 H4

60◦ C,
1.5h

Aspect ratio: 120±30

Harsojo et al.
[2017]

Cu(NO2 )3

EDA

N2 H4

60◦ C, 1h

90nm / 50µm

Tan and
Balela [2017]

Cu(NO2 )3

EDA

N2 H4

80◦ C, 1h

70nm / 3.7µm

Nuryadin
et al. [2016]

Cu(NO2 )3

EDA

N2 H4

60◦ C, 1h

101nm / 21µm

Mardiansyah
et al. [2013]
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Table 1.4: Various capping and reducing agents reported to be used for synthesis of
copper nanowire
Cu
Precursor

Capping
Agent

Reducing Condition
Agent

Dimension
(Diameter/Length)

Ref.

Cu(NO2 )3

EDA

Cathechin 80◦ C, 1h

100±15nm / 6±4µm

Periasamy
et al. [2013]

189◦ C, 4h

60nm / 40µm

Huaman et al.
[2018]

116◦ C,
12h

45±3nm / 60-90µm

Li et al. [2014]

100◦ C, 6h

24±4nm

Jin et al.
[2011]

165◦ C,
10h

17.5nm / 17µm

Cui et al.
[2015]

90◦ C, 3h

472.9±100.3nm /
142.14±42.6µm

Tang et al.
[2015]

Acsorbic
Acid

79◦ C, 12h

134±4nm / 40±2µm

Mock et al.
[2018]

CuCl2

Potassium Ethylene
Bromide
Glycol
/ Oleylamine

198◦ C, 1h

92nm / 30µm

Yin et al.
[2014]

CuCl2

Cetrimonium
Bromide

180◦ C,
12h

20nm / 2µm

Zhang and Cui
[2009]

Cu(NO2 )3 Polyvinyl- Ethylene
prrolidone Glycol
/
Cetyltrimethylammonium
Chloride
CuCl2

CuCl2
CuCl2
CuCl2
CuCl2

Oleic
Acid/
Oleylamine

Glucose

Hexanedi- Glucose
amine
Oleylamine

Trisilane

polyethyl- Ascorbic
eneimine
Acid
Oleylamine

Sodium
Borohydride
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each capping agents and reducing agents. Using ascorbic acid and glucose can overcome the drawback of N2 H4 associated with safety problem, however, they required
increasing reaction temperature of between 80 ◦ C and 160 ◦ C to reduce copper ions
(Bhanushali et al. [2015];Rathmell et al. [2010]). In addition, other capping agents
and reducing agents also require the relatively high reaction temperature and longer
reaction time. In the case of using catechin instead of N2 H4 (Periasamy et al. [2013]),
copper nanowires are synthesized at relatively low temperature and short reaction
time, however, on average dimension of copper nanowires are inferior to using N2 H4 .
Copper nanowires using oleylamine and ascorbic acid are synthesized at relatively low
temperature, however, it requires longer reaction time. Using oleylamine as capping
agent requires combining with other capping agent such as oleic acid and potassium
bromide (Li et al. [2014];Yin et al. [2014]). Jin et al. [2011] obtained copper nanowires
with much smaller diameter of 24±4 nm and the length of hundred µm using hexanediamine as capping agent in the presence of glucose as reducing agent. However,
these nanowires caused tangle, and revealed lower conductivity (Zhang et al. [2012]).
Koo et al. [2016] demonstrated the relationship between EDA as capping agent
and copper nanowire oxidation, as a result, EDA played a role of reducing hydroxide
adsorption to increase the resistivity of oxidation of copper nanowire. Therefore, in
this study, EDA as capping agent, which can reduce the copper nanowire oxidation
rate, and N2 H4 , which is well-known as strong reducing agent, are used and they
enable to synthesize copper nanowires under mild conditions regarding the relatively
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lower reaction temperature and shorter reaction time.

Copper Nanowire Growth Mechanism
In order to control the quality of copper nanowires, the parameters including capping
agent and reducing agent play vital roles. In the solution-based method, copper precursor and reagent occur the chemical reaction to form copper hydroxide (Cu(OH)2 )
(Ye et al. [2016]). As a capping agent, EDA is an essential chemical not only to
prevent the precipitation and aggregation of Cu(OH)2 from being generated in the
aqueous solution for properly forming copper oxide (Cu2 O) nanoparticles but also to
inhibit charge transfer of copper complexation by covering the surface of Cu(OH)2
on the growing crystal plane (Bhanushali et al. [2015]). This is because the surface
energy on the facets generally affect the shape of crystal (Kumar et al. [2015]). The
stabilized hydroxide ions by EDA supply appropriate environment for redox process
of copper ions. By adding N2 H4 as reducing agent, Cu(OH)2 and small quantity of
Cu2 O nanoparticles coexist in the solution. However, copper ions in Cu2 O are further
reduced to copper atoms (Ye et al. [2016]). The nucleation is generated by adding
N2 H4 , which guides to homogeneous nucleation in the solution, and these nuclei play
roles as copper seeds (Bhanushali et al. [2015]). In addition, the rate of nucleation
is increased at high temperature (Rathmell [2013]). However, since the growth of
copper nanowires can be generated by forming crystallization, which includes the
formation of solid-state structure through nucleation, adjusting nucleation at the be-
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ginning stage of crystallization is an important for preventing copper nanowires from
being defected (Lin et al. [2018]; Bhanushali et al. [2015]). Therefore, sufficient EDA
provides to form stable hydroxide ions that lead to well-ordered copper nanowires by
reducing copper ions through N2 H4 .

The Effect of Temperature on the Copper Nanowire Growth
Nuryadin et al. [2016] studied on the effect of temperature on growth of copper
nanowire by comparing their dimension. In their work, copper nanowires in the
aqueous solution were grown at 4 ◦ C, 30 ◦ C, and 80 ◦ C. Especially, high yield of
copper nanowires was obtained above room temperature as shown in Figure 1.3. As
the reaction temperature increased, the diameter became thinner, however, the length
decreased. The diameter and length of copper nanowire synthesized at 80 ◦ C were
70 nm and 3.7 µm, respectively. In addition, lower resistance was obtained in copper
nanowire synthesized at 80 ◦ C compared to others temperatures. Mardiansyah et al.
[2013] have synthesized high yield copper nanowires at 60 ◦ C as shown in Figure
1.4. These copper nanowires showed thicker diameter and longer length, which were
101 nm and 21 µm, respectively, compared with the dimensions of copper nanowires
synthesized at 80 ◦ C by Nuryadin et al. [2016].
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Figure 1.3: SEM images of copper nanowires synthesized at various temperature: (a)
4 ◦ C, (b) 30 ◦ C, and (c) 80 ◦ C (Nuryadin et al. [2016])

Figure 1.4: SEM image of copper nanowires synthesized at 60 ◦ C (Mardiansyah et al.
[2013])
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The Effect of Capping Agent on the Copper Nanowire Growth
EDA plays one of the important roles for growth and controlling the shape of copper
nanowires (Kim et al. [2008]). EDA supports to reduce free copper ions in aqueous
solution. It is helpful for growth direction of copper nanowire. In addition, the
amine group contained EDA allows copper ions to bind to the surface of copper
nanostructure in the aqueous solution (Xu et al. [2014]). Tan and Balela [2017]
investigated the effect of EDA as capping agent on morphology of copper nanowires.
In absence of EDA, large and erratic copper nanoparticles were only observed as shown
in Figure 1.5. When small amount of EDA was added, copper nanowires began to
produce with copper seeds at one end, and increasing the amount of EDA made good
quality of copper nanowires. However, further increasing the concentration of EDA
caused nanowires too short even nanorod. Copper nanowires synthesized with the
insufficient amount of EDA lead to lose original metal properties (Ye et al. [2014c]).
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Figure 1.5: SEM image of copper nanoparticles without EDA (Tan and Balela [2017])

The Effect of Reducing Agent on the Copper Nanowire Growth
As a strong reducing agent, N2 H4 is generally used to reduce copper ions to copper
atom (Jin et al. [2011]). Harsojo et al. [2017] investigated the effect of concentration of N2 H4 on growth of copper nanowire and demonstrated that the excess of
N2 H4 induced thicker diameter and shorter length of copper nanowire accompanied
with copper nanoparticles. In comparison to the effect of concentration of EDA, the
dimension of copper nanowires is more sensitive to the concentration of N2 H4 . As
shown in Figure 1.6, copper nanowires, which have begun to grow in tapered shape,
undergo a process of thickening after adding N2 H4 while maintaining tapered shape
(Ye et al. [2014a]). Therefore, the addition of N2 H4 cannot change the shape of copper
nanowires, which is determined by EDA. However, the thickness could be adjusted
depending on the concentration of N2 H4 .
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Figure 1.6: Tapering and thickening growth of copper nanowire (Ye et al. [2014a])

The Effect of Metal Precursor on the Copper Nanowire Growth
Mardiansyah et al. [2013] investigated the effect of molar ratio of copper precursor,
copper nitrate (Cu(NO3 )2 ), under different molar ratios conditions. The high molar ratio caused composite of copper nanoparticles and nanowires. However, copper
nanoparticles were dominantly observed. On the other hand, as molar ratio of copper precursor is decreased, the dimension of copper nanowires becomes thinner and
longer and the yield of copper nanowires is increased. Moreover, decreasing molar
ratio also changes copper nanoparticles to copper nanowires. However, Cu(NO3 )2
as copper precursor tends to be weak in dispersing copper nanowires evenly in the
solution (Zhang et al. [2012]).
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Core-Shell Copper Nanowire Synthesis
Copper oxide layers are usually formed on the surface of coppers. Unlike aluminium
oxide (Al2 O3 ) on the surface of aluminium, the copper oxide layers cannot behave
as passivated layers to prevent further oxidation of copper nanowires (Liu and Zhou
[2005]). In addition, the irregular surface of copper nanowire is susceptible to defects,
which would cause dangling chemical bond on the surface of copper nanowire, and
dangling bond is significantly sensitive to the ambient condition, which results in the
oxidation of copper nanowire, while reducing surface energy (Xu et al. [2016]).
Core-shell structured nanowires are considered as an effective way to prevent copper nanowires from being oxidized. The electroplating method and the galvanic replacement method are generally used to fabricate core-shell copper nanowire. The
electroplating method is basically carried out with the copper nanowire film as working electrode, which is placed on negative potential, and metal ions, which is placed
on positive potential, is coated on the surface of copper nanowire (Ye et al. [2016]).
The electroplating method enables to control the thickness of shells and prevents
metal shells deposition from aggregating, and is used for the wide range of metal
including Ni, Pt, and Au (Chen et al. [2013]). However, it is low efficiency because
of non-uniformly plating on entire film and dependent on instrument, and it cannot
be conducted with only copper nanowire. The galvanic replacement method is to replace the surface of core metal with shell metal through the oxidation of metal by ions
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with having high reduction potential (Lee et al. [2015]). The galvanic replacement
method provides a simple and diverse ways to multifunctional nanostructures due to
its control ability of size and shape including interior structure and morphology (Xia
et al. [2013]). However, when plating shell metal with higher reduction potential than
copper, copper nanowires can be corroded or broken, leading to increase in resistance
(Ye et al. [2016]; Xia et al. [2013]). Therefore, the control of reductant concentration
is required to be considered to prevent this issue (Zhao et al. [2016]).
When a thin layer as shell material, such as Au, Pt, Ni, and Ag, is placed on the
surface of copper nanowire, Niu et al. [2017] synthesized of Cu-Au nanowires through
the growth of the atomic layer of Au precursor at 140 ◦ C. In addition, as shown in
Figure 1.7, they have demonstrated the smooth surface of shell with the property of
stability of Cu-Ag nanowires under exposure in the ambient condition during over 700
hours. However, the fabrication of Cu-Au nanowire is required a high temperature
over 100 ◦ C and is difficult to achieve low cost because Au is a precious metal. Chen
et al. [2014] employed Pt as shell metal to cover copper nanowire. In their synthesis
process, Cu-Pt nanowire was fabricated with rough surface as shown in Figure 1.8 by
using the electroplating method and they optimized the Pt content to coat copper
nanowire improving the oxidation stability of Cu-Pt nanowire. Nonetheless, Cu-Pt
nanowire has high cost issue as well because Pt is also one of the expensive metals.
Rathmell et al. [2012] conducted the formation of Cu-Ni nanowires using the twostep approach to investigate the effect of properties depending on Cu to Ni ratio.
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They demonstrated that the same ratio on Cu to Ni reduced the transmittance but
increased the oxidation resistance, and the higher Cu ratio than Ni led to neutral
color and great electro-optical performance. However, as shown in Figure 1.9, copper
induced to shell metal on the surface of copper nanowire may cause an imperfection surface, resulting in weak stability of nanowire. Zhao et al. [2015] accomplished
the fabrication of Cu-Ag nanowire as shown in Figure 1.10, using solution contained
polyvinylprrolidone (PVP) and silver salt. They performed the synthesis of bimetallic nanowire under various molar ratios of Cu to Ag, proving the oxidation resistance. Jiang et al. [2016] developed well-dispersed silver nanoparticles on the surface
of copper nanowires using galvanic replacement method and ammonium hydroxide
(NH4 OH) as solvent. According to their synthesis method, Ag(NH3 )2 formed by dissolving silver with NH4 OH solution reacted with copper atom that brought about
deposition of silver nanoparticles on the surface of copper nanowires. However, the
possibility of growth of silver nanorod also is mentioned in the case of the high ratio
of Cu to Ag.
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Figure 1.7: EDX mapping images of Cu-Au nanowire: (a) Cu and (b) Au (Niu et al.
[2017])

Figure 1.8: EDX mapping images of Cu-Pt nanowire (Chen et al. [2014])
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Figure 1.9: EDX mapping images of Cu-Ni nanowire (Rathmell et al. [2012])

Figure 1.10: EDX mapping images of Cu-Ag nanowire: (a) Cu and (b) Ag (Zhao
et al. [2015])
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Oxidation Behavior of Core-Shell Copper Nanowire
Coating on the surface of copper nanowire with other metals including silver can
be significantly improved the oxidation behavior. Luo et al. [2013] compared the
oxidation behavior of Cu-Ag nanowires with copper nanowires under both temperature and time dependent conditions to demonstrate an effect of core-shell copper
nanowires. The weight of copper nanowires and Cu-Ag nanowires started to increase
at 85 ◦ C and 230 ◦ C, respectively, and maximum weight of copper nanowires and
Cu-Ag nanowires arrived at 298 ◦ C and 320 ◦ C, respectively. The weight increasing
rate per 1 ◦ C of copper nanowire was 2.7 times higher than that of Cu-Ag nanowire
and the total weight increasing rate of copper nanowire and Cu-Ag nanowire was
20.3 % and 3.2 %, respectively. In the time-dependent condition, the temperature
was kept at 250 ◦ C for 25 mins. The weight of copper nanowire increased rapidly as
soon as reaching at 250 ◦ C, while the weight of Cu-Ag nanowire remain unchanged.
The total weight increasing rate of copper nanowire was 16 % and that of Cu-Ag
nanowire was 1.7 % within 25 mins. Therefore, their results show that the oxidation
of Cu-Ag nanowire is proceeded at higher temperature with lower weight increasing
rate and weight increasing rate of Cu-Ag nanowire is much lower than that of copper
nanowire.
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Electrical Properties of Core-Shell Copper Nanowire
Copper nanowires are susceptible to oxidation, which not only drastically reduces
electrical conductivity, but also induces to be nonconductive. However, copper-based
core-shell nanowires can delay oxidation of copper nanowire and prevent a reduction
of electrical conductivity by covering with other metals as shell.
The effect of copper-based core-shell nanowire on sheet resistance and stability
has been proven by Ye et al. [2016]. The sheet resistance of copper nanowires film
exposed at 85 ◦ C started to increased steadily, however, it was dramatically increased
right after 5 days. On the other hand, the sheet resistance of copper nanowires film
exposed at 160 ◦ C was quickly increased in a few hours. The sheet resistance of Cu-Ni
nanowires film at 85 ◦ C was quite stable over 30 days with increasing only 10 Ω/sq
while displaying more oxidation resistance than copper nanowires. In addition, the
sheet resistance of Cu-Ag nanowires film at 160 ◦ C was stable over 1 day, and no
significant difference compared with silver nanowire.
The sheet resistance of Cu-Ag nanowires on different silver coating thickness has
been discussed by Stewart et al. [2015]. In their research, although the sheet resistance
of Cu-Ag nanowires with both 5 nm and 15 nm of silver shell thickness was slightly
increased over 24h at 160 ◦ C, it exhibited similar to the sheet resistance value of
silver nanowires. However, 5 nm of silver shell thickness was shown unstably under
humidity condition, 85 ◦ C/85 % relative humidity (RH), with increasing the sheet
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resistance of Cu-Ag nanowires and copper core nanowires were not entirely protected
against oxidation. On the other hand, stable sheet resistance over 24h was obtained
with 15 nm of silver shell thickness under 85 ◦ C/85 % RH condition.
The resistivity of Cu-Ag nanowires depending on different molar ratios of silver
and copper was compared with copper nanowires. The resistivity of copper nanowires
was dramatically increased within few hours and then, copper nanowires became
nonconductive, while the resistivity of Cu-Ag nanowires indicated significantly lower
resistivity than copper nanowire and were revealed the stability over 24h. However,
as a molar ratio of silver was increased, the resistivity was not observe tendency to
decrease (Cruz et al. [2018]).
Since Au and Pt have higher resistivity than copper, Cu-Au and Cu-Pt nanowires
exhibit a higher resistivity than copper nanowires (Stewart et al. [2015]). However,
the Au and Pt as shell metals have been proven the stability of core-shell nanowires
(Niu et al. [2017]; Chen et al. [2014]).
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1.3 Objectives

The objective of this study is to optimize synthesis of copper nanowire for improvement the quality based on a solution-based method under practical condition. In
order to determine and evaluate the quality including yields and dimensions of copper
nanowires, the effect of concentration of N2 H4 , EDA, NaOH, and copper precursor,
and various synthesis temperatures are compared and analyzed. In addition, this
study is to demonstrate the fabrication of core-shell structure nanowires, which are
covered with silver on the surface of copper nanowires, using organic compound A.
Consequently, this study proposes the optimization of synthesis of copper nanowire
and a new facile method for fabrication of core-shell structure nanowire.
In the following chapters of this study, Chapter 2 shows selection materials and
experimental procedure first, and then, the results of copper nanowires synthesized
under different amount of chemicals are characterized and discussed. Chapter 3 shows
a new facile method for fabrication of Cu-Ag nanowire and the elements of Cu-Ag
nanowire are verified.
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Chapter 2
Synthesis of Copper Nanowire

2.1 Materials

In order to synthesize copper nanowires by using the solution-based method, some
of chemicals can be used to play indispensable roles of reagent, copper precursor,
capping agent, and reducing agent. The quality of copper nanowire can be determined
depending on the roles and concentrations of used chemicals.
Sodium hydroxide (NaOH) is employed as the reagent at the beginning step of
synthesis of copper nanowire. NaOH is usually utilized to prevent copper ions from
generating copper hydroxide (Cu(OH)2 ) precipitates (Wen et al. [2005]). Copper chloride (CuCl2 ) is utilized as the copper precursor. Common copper precursors rather
than copper organometallic are suitable for the solution-based method. Ethylenediamine (EDA, C2 H8 N2 , 99.5 %) is used as capping agent for preventing copper seeds
from being aggregated. Hydrazine (N2 H4 , 35wt %) is consumed as reducing agent,
which is generally responsible for performing reduction copper ions to copper atoms
(Jin et al. [2011]). Deionized water (DI H2 O) is used as solvent to dissolve NaOH
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and CuCl2 , and to dilute N2 H4 .

2.2 Experimental Procedure

In this study, as shown in Figure 2.1, solution-based method is employed to synthesize
of copper nanowire with various amount of chemicals. All of experiment are carried
out under 300 rpm magnetic stirring to reach homogeneous condition. In addition,
to prevent the solution temperature from increasing or decreasing, water-bath is used
and kept at constant temperature (40 ◦ C, 50 ◦ C, 60 ◦ C, 70 ◦ C, 80 ◦ C, and 90 ◦ C)
during 2 hours reaction time.
First, NaOH (0.967 g, 1.024 g, 1.44 g, 1.85 g, 2.56 g, and 2.94 g) is dissolved in 5
ml of DI H2 O in water-bath. After 10 mins, once NaOH is completely dissolved with
colorless, EDA (15 µl, 30 µl, 50 µl, and 60 µl) is then added in NaOH solution and
the solution is still colorless. After 2 mins, CuCl2 (4.6 mg and 10 mg) dissolved in 2
ml of DI H2 O is added and stirred for 10 mins. As soon as adding of CuCl2 aqueous
solution, the solution color is showed light blue then turned into dark blue after 10
mins. CuCl2 can be easily aggregated in solution, however, EDA added first can
prevent it from aggregating. The following chemical reaction STEP 1. is occurred:
STEP 1. 2N aOH(aq) + CuCl2 → Cu(OH)2 + 2N aCl
As shown in chemical reaction STEP 1., copper hydroxide Cu(OH)2 are formed
and at this time, EDA surrounds theirs surface to make it stabilization without aggregation. Prior to N2 H4 being used, N2 H4 (0.3 ml and 1 ml) is diluted in 3 ml of DI
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Figure 2.1: Synthesis process of copper nanowire

DI H2 O. Eventually, diluted N2 H4 (15 µl, 30 µl, 240 µl) is added into total solution.
The following chemical reaction STEP 2. and STEP 3. are taken place:
STEP 2. Cu(OH)2 + N2 H4 → 2Cu2 O + N2 + H2 O
STEP 3. 2Cu2 O + N2 H4 → 4Cu + 2H2 O + N2
As shown in chemical reaction STEP 2. and STEP 3., Cu(OH)2 are reduced to
copper oxide (Cu2 O) particles by reducing copper ions because of addition of reducing
agent. With heating continuously provided by water-bath in presence of diluted N2 H4 ,
Cu2 O are further reduced to copper atom, which will grow up copper nanowire. The
color of final solution is changed from dark blue to reddish brown during 2hours
reaction time. Finally, the solution is washed with methanol to eliminate chemical
impurity. The conditions of chemicals are summarized in Table 2.1.
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Table 2.1: Experimental conditions of chemicals
NaOH Solution

EDA

CuCl2 Solution

N2 H4 Solution

No. NaOH DI Molar No. (µl) No. CuCl2 DI Molar No. N2 H4 DI Molar
(g)
H2 O (M)
(mg) H2 O (mM)
(ml) H2 O (mM)
(ml)
(ml)
(ml)
S1

0.967

5

4.8

E1

15

C1

4.6

2

17.1

N1

0.3

3

1.71

S2

1.024

5

5

E2

30

C2

10

2

37.2

N2

1

3

5.7

S3

1.44

5

7

E3

50

-

-

-

-

-

-

-

-

S4

1.85

5

9

E4

60

-

-

-

-

-

-

-

-

S5

2.56

5

12

-

-

-

-

-

-

-

-

-

-

S6

2.94

5

14.7

-

-

-

-

-

-

-

-

-

-
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2.3 Characterization

The morphology and dimensions of synthesized copper nanowires are observed and
measured by using Scanning Electron Microscopy and Transmission Electron Microscopy.

Scanning Electron Microscopy
The Scanning Electron Microscopy (SEM; FEI Helios 400) is one of the popular instruments to analyze sample surface or bulk material. The SEM technique is effective
and simple to interpret sample with three-dimensional images. High electron voltage (1-40 kV) in the SEM is used to generate signals, such as secondary electrons
and backscattered electrons. They are generally signals used for imaging. Secondary
electrons are very useful for analyzing topography and morphology on sample and
backscattered electrons are very helpful for imaging composition contrast with emitted deeper depths rather than secondary electrons. SEM image is obtained without
optical transformation and virtual optical images are not provided.
For sample preparation, fine power samples are required to be placed hard on
sample holder to prevent them from being damaged in the SEM chamber. On the
other hand, non-conductive samples have to be coated with thin conductive layer,
such as gold and palladium, and are placed on conductive holder.
In this study, samples of liquid and solid state are prepared by washing with
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methanol to remove chemical impurities and then, placed on the sample holder, which
is attached copper tape. Afterwards, the holder on which the sample is placed is dried
in a vacuum dryer for SEM characterization.

Transmission Electron Microscopy
The Transmission Electron Microscopy (TEM; FEI Tecnai F-20) is widely used instrument for allowing visualization and analysis of nanoscale sample. The TEM
technique is very valuable for imaging by illuminating the sample with electron beam
in a high vacuum column. TEM used in this study operates high energy electrons
than SEM up to 200 kV accelerating voltage and is loaded Energy-dispersive X-ray
Spectroscopy (EDX). The electron beams in the TEM column pass through a sample
and then, electrons are scattered. And then, electromagnetic lenses concentrate on
scattered electrons. These electrons are gathered below the sample onto a phosphorescent screen. Once inserting of objective lens, the bright field image is formed with
direct electron beam and the dark field image is formed with diffracted beam by tilting angle. The Scanning TEM (STEM) mode that uses angular dark field detector is
required to obtain atomic resolution images and to analyze chemical composition in
the sample working EDX.
In this study, bright field imaging technique is used dominantly and STEM imaging technique is utilized for EDX to analyze sample component included. For sample
preparation, 300 mesh copper grid with lacey carbon is employed for TEM character-
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ization. The droplet of sample is dropped onto the grid and then, copper nanowires
are suspended on the top of grid after 5 mins. After the aqueous solution dropped
on copper grid is filtered to the opposite side of grid and is completely removed. The
grid with suspended nanowire is washed with methanol to remove remaining chemical
impurities. Finally, the grid is dried in a vacuum dryer.

2.4 Results

The Effect of Concentration of N2 H4
In order to find out the formation of copper nanowires, various concentration of
diluted N2 H4 are used as shown in Table 2.2. The concentration of NaOH, EDA,
and CuCl2 are kept for this experiment with S1, E3, and C1, respectively, and the
reaction temperature is kept at 60 ◦ C during 2hours reaction time.
Table 2.2: Experiment conditions of diluted N2 H4
N2 H4 Solution (N1)
N2 H4 (ml)

DI H2 O (ml)

Molarity (mM)

Vol. (µl)

0.3

3

1.71

15

0.3

3

1.71

30

0.3

3

1.71

240

Figures 2.2 to 2.4 show SEM images of synthesized copper nanowires with various
concentrations of diluted N2 H4 . By adding 15 µl of diluted N2 H4 , copper nanowires
with high yield, the length of 4 - 13 µm, and the diameter of 250 - 550 nm are obtained
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Figure 2.2: SEM images of copper nanowires with 15 µl of N2 H4
as shown in Figure 2.2, while at 50 µl of diluted N2 H4 , copper nanowires are produced
low yield compared with 15 µl of diluted N2 H4 . In this case, the diameter and length
display 4 - 15 µm and 450 - 750 nm, respectively, as shown inthe Figure 2.3. In terms
of dimensions of synthesized copper nanowires, there are no significantly different
between 15 µl and 30 µl of diluted N2 H4 , however, the yield of copper nanowires
is demonstrated a remarkable difference. By adding 240 µl of diluted N2 H4 , copper
nanoparticles, which have the diameter of 800 nm, are observed dominantly without
any copper nanowires and the agglomeration of copper nanoparticles as shown in
Figure 2.4.
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Figure 2.3: SEM image of copper nanowires with 30 µl of N2 H4

Figure 2.4: SEM image of copper nanoparticles with 240 µl of N2 H4
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The Effect of Temperature on Morphology of Copper Nanowire
To find out how the morphology of copper nanowires varies depending on temperature,
synthesis of copper nanowires implements at various temperature (40 ◦ C, 50 ◦ C, 60
◦

C, 70 ◦ C, 80 ◦ C, and 90 ◦ C). The concentration of NaOH, EDA, CuCl2 , and N2 H4

are kept with S6, E2, C1, and 15 µl of N2, respectively.
Figures 2.5 to 2.10 show TEM images of synthesized copper nanowires at various
processing temperatures. Figure 2.5 shows that synthesized copper nanowires at 40
◦

C have the length of longer than 3.5 µm and the diameter 130 - 250 nm. At 40

◦

C, the surface of copper nanowires is not smoothly synthesized with showing dent

area. In addition, the aggregation of copper seeds is displayed and it makes copper
seeds difficult to grow to copper nanowires. Synthesized copper nanowires at 50 ◦ C
show the length of longer than 5 µm and the diameter of 130 - 280 nm. As shown in
Figure 2.6, and the aggregation of copper seeds are improved compared to 40 ◦ C. In
Figure 2.7, copper nanowires are indicated with the length of longer than 8 µm and
the diameter of 200 - 310 nm, and the aggregation of copper seeds is not represented
unlike copper nanowires synthesized at 40 ◦ C and 50 ◦ C. Figure 2.8 shows strongly
the smooth surface of copper nanowires with the length of longer than 5 µm and the
diameter of 210 - 260 nm. As shown in Figure 2.9, synthesized copper nanowires at
80 ◦ C reveal the length of longer than 6 µm and the diameter of 120 - 280 nm. At this
time, the thinner diameter of copper nanowires is obatined at 80 ◦ C. However, broken
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area is revealed at the end of copper nanowire. At 90 ◦ C, not only copper nanowires
also copper seeds are demonstrated oxidation of them as shown in Figure 2.10. This
is because copper is essentially an oxidizable metal material and the oxidation of it
is accelerated by relatively high temperature.
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Figure 2.5: TEM images of copper nanowires at 40 ◦ C

Figure 2.6: TEM images of copper nanowires at 50 ◦ C

38

CHAPTER 2. SYNTHESIS OF COPPER NANOWIRE

Figure 2.7: TEM images of copper nanowires at 60 ◦ C

Figure 2.8: TEM images of copper nanowires at 70 ◦ C
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Figure 2.9: TEM images of copper nanowires at 80 ◦ C

Figure 2.10: TEM images of copper products at 90 ◦ C
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The Effect of Concentration of EDA
Copper nanowires are synthesized in the presence of different amount of EDA to
understand the effect of EDA. 15 µl, 50 µl, and 60 µl of EDA are added to alter
condition. The concentration of NaOH, CuCl2 , and N2 H4 are maintained with S6,
C1, and 15 µl of N2, respectively, and the reaction temperature is kept at 70 ◦ C for
this experiment.
Figures 2.11 to 2.13 indicate TEM images of synthesized copper nanowires by
using different amount of EDA. When 15 µl of EDA is added, a few copper seeds
are not grown into copper nanowires, and tapered copper nanowires are observed as
shown in Figure 2.11. In addition, copper nanowires are observed with the length and
diameter of longer than 4 µm and 150 - 220 nm, respectively. As the amount of EDA
increases to 50 µl, the formation of copper nanowires is remarkably transformed as
shown in Figure 2.12. The tapered copper nanowires are dominated with the length
of longer than 2 µm and the diameter of 210 - 270 nm. However, copper seeds are
not observed unlike 15 µl of EDA. Figure 2.13 displays copper nanowires produced
with further increasing amount of EDA to 60 µl and the length and the diameter
are revealed longer than 6 µm and 130 - 170 nm, respectively. The dimensions of
copper nanowires are improved with a little bit longer length and thinner diameter
compared with the addition of 15 µl and 50 µl of EDA, however, copper nanoparticles
are observed not only their own but also on the surface of copper nanowires.
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Figure 2.11: TEM images of copper nanowires with 15 µl of EDA

Figure 2.12: TEM images of copper nanowires 50 µl of EDA
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Figure 2.13: TEM images of copper nanowires 60 µl of EDA

The Effect of Concentration of NaOH
In this study, the experiments are performed with various amounts of NaOH (5 M, 7
M, 9 M, and 12 M) to find out the formation of copper nanowires. The concentration
of EDA, CuCl2 , and N2 H4 are maintained E3, C1, and 15 µl of N2, respectively,
and the reaction temperature is kept at 70 ◦ C. This experiment condition for the
concentration of NaOH is summarized as shown in Table 2.3.
Table 2.3: Experiment conditions for the effect of concentration of NaOH
NaOH Solution
NaOH (g)

DI H2 O (ml)

Molarity (M)

1.024

5

5

1.44

5

7

1.85

5

9

2.56

5

12
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Figures 2.14 to 2.16 and 2.18 show TEM images of synthesized copper nanowires
under different molarity of NaOH. As shown in Figure 2.14, copper nanowires grown
under 5 M of NaOH solution have a length of 3 µm and the diameter of 130 - 250
nm. In addition, the morphology of copper nanowires displays almost similar compared with Figure 2.12, which shows synthesized copper nanowires under 14.7 M of
NaOH solution (S6). Figure 2.15 shows synthesized copper nanowires under 7 M of
NaOH solution. In this condition, the dimensions of copper nanowires are noticeably
developed having the length of longer than 12 µm and the diameter of 80 - 160 nm
compared to previous synthesized copper nanowires. However, the large difference in
the diameter of copper nanowires and some of the aggregation of copper seeds are
observed. As shown in Figure 2.16, the ultra-long and –thin copper nanowires with
the length of longer than 18 µm and the diameter of 25 - 45 nm are observed under 9
M of NaOH solution. Interestingly, copper nanowires are begun to float on the top of
solution because of high-density of solution. Moreover, with 9 M of NaOH solution,
the ultra-high yield of copper nanowires is obtained as shown in Figure 2.17 without
centrifugation process. Figure 2.18 shows copper nanowires synthesized under 12 M
of NaOH solution. The length and the diameter of copper nanowires are longer than
12 µm and 100 - 500 nm, respectively. In addition, the aggregation of copper seeds
is shown again and the large difference in the diameter of copper nanowire can be
easily visualized in Figure 2.18.

CHAPTER 2. SYNTHESIS OF COPPER NANOWIRE

Figure 2.14: TEM images of copper nanowires with 5 M of NaOH

Figure 2.15: TEM images of copper nanowires with 7 M of NaOH
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Figure 2.16: TEM images of copper nanowires with 9 M of NaOH

Figure 2.17: SEM Images of Copper Nanowires with 9 M of NaOH
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Figure 2.18: TEM images of copper nanowires with 12 M of NaOH

The Effect of Concentration of Copper Precursor
In order to determine the effect of concentration of copper precursor, copper nanowires
are synthesized and compared yield and dimensions with the optimum copper nanowires.
The concentration of NaOH, EDA, and N2 H4 are S4, E3, 15 µl of N2, respectively,
and the reaction temperature is kept at 70 ◦ C during the reaction time for 2hours.
This condition is the same except the concentration of CuCl2 as optimum copper
nanowires, which are shown in Figure 2.16. The copper solution is employed with C2
condition.
As shown in Figure 2.19, copper nanowires indicate the length of longer than 6 µm
and the diameter of 100 - 240 nm, which are thicker and shorter dimensions compared
with Figure 2.16. In addition, the yield of copper nanowires is significantly decreased
and the aggregation of copper seeds undescribed in Figure 2.16 is created.
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Figure 2.19: TEM images of copper nanowires with 37.2 mM of copper precursor
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2.5 Discussion

High yield of copper nanowires is obtained under 15 µl of diluted N2 H4 . However copper nanoparticles instead of copper nanowires are observed under overused diluted
N2 H4 . As the addition amount of diluted N2 H4 increases, the diameter of copper
nanowires tends to become thicker. The overused diluted N2 H4 likely causes an unbalance in the process of growing copper nanowires from copper nanoparticles. This is
because N2 H4 as strong reducing agent has sensitive effect to grow copper nanowires.
Therefore, growing process might not be completely carried out and copper nanoparticles are dominated.
The surface of copper nanowires is not improved with increasing temperature from
40 ◦ C to 60 ◦ C. However, the smooth surface is observed at 70 ◦ C. Broken damage
of copper nanowires are observed at 80 ◦ C. At 90 ◦ C, not only copper nanowires
and also copper nanoparticles are oxidized due to high temperature. As the reaction
temperature increases, the diameter of copper nanowires tends not to become thinner
or thicker continuously. Based on the phenomena of aggregation of copper seeds at
40 ◦ C and 50 ◦ C, the role of EDA may be affected by the reaction temperature.
Therefore, in order for EDA to perform actively and to protect the surfaces of copper
seeds, the reaction temperature of at least 60 ◦ C, at which the aggregation of copper
seeds is not observed, is likely required. The surface of copper nanowires is steadily
improved by increasing reaction temperature from 40 ◦ C to 70 ◦ C. This is because
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EDA is likely actively performed at 70 ◦ C to offer sufficient surface energy to copper
seeds. In addition, the relatively high temperature probably helps to produce copper
seeds within a short period of time. However, at reaction temperature over 70 ◦ C,
water in water-bath and copper nanowires solutions begin to evaporate. Especially,
at 90◦ C, their evaporation is accelerated. Due to this risk factor, 70 ◦ C can be
determined as reasonable temperature for synthesis of copper nanowires.
While copper seeds, which are not grown up to copper nanowire, and tapered
copper nanowires are observed under 15 µl of EDA, tapered copper nanowires are
dominantly revealed under 50 µl of EDA. Irregular surface of copper nanowires is
obtained under 60 µl of EDA even though the dimensions are improved. The tapered
copper nanowires can be resulted from unstably protected copper seeds by EDA. This
could lead to thicker diameter and short length of copper nanowires. Interestingly,
the dimensions of copper nanowires are not proportional to the amount of EDA. As
the amount of EDA increases or decreases, copper nanowires may be not indicated a
certain dimensional change while distributing randomly. In addition, the addition any
amount of EDA is not likely guaranteed the formation of copper nanowires completely,
however, EDA may control the dimension of copper nanowires when comparing with
the research of Tan and Balela [2017] in the absence of EDA. The overused amount
of EDA can surround erratically copper seeds, which probably result in irregular
the surface of copper nanowires including copper nanoparticles as shown in Figure
2.13. This surface can be induced the deficiency of copper nanowires, which likely
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reduces the electrical conductivity. Therefore, the optimal addition amount of EDA
is essential to protect copper seeds and prevent the formation of tapered copper
nanowires.
As the concentration of NaOH steadily increases from 5 M to 9 M, the dimensions
of copper nanowires are improved noticeably. In addition, high-quality of copper
nanowires is obtained with 9 M of NaOH. However, the excessive concentration over
9 M begins to cause incomplete growth of copper nanowires. It can be assumed
that high concentration of NaOH could not be completely dissolved, and remaining
NaOH may prevent copper seeds from being covered by EDA. The condition of 5
M and 7 M of NaOH is likely required increased amount of EDA to improve the
aggregation of copper seeds. It means that low concentration of NaOH probably
interplays with high amount of EDA. In addition, the quality of copper nanowires
is greatly improved with only change of concentration of NaOH as compared Figure
2.12 and 2.16. NaOH is required to excess amount than copper precursor because it
is consistently consumed during reaction. However, its concentration and the amount
of EDA may be controlled at the same time to obtain regularity copper nanowires.
Only the concentration of copper precursor is increased from the condition where
high-quality of copper nanowires is obtained. As a result, undesirable copper nanowires
including thicker diameter and the aggregation are obtained. The increased concentration of copper precursor likely causes to form larger size of copper seeds, which
induce thicker diameter of copper nanowire, and to form the aggregation of copper
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seeds. This is because EDA cannot cover the copper seeds formed from increased
concentration of copper precursor. Therefore, these copper seeds probably may begin
to agglomerate each other and to form short length of copper nanowires. In order
to synthesize well-aligned copper nanowires under increased concentration of copper
precursor, the amount of EDA, which can protect copper seeds, may also need to be
increased.
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Chapter 3
Fabrication of Core-Shell Nanowire

3.1 Materials

In order to fabricate core-shell (Cu-Ag) nanowire, silver nitrate (AgNO3 ) is utilized as
shell material to coat on the surface of pre-synthesized copper nanowires. Deionized
water (DI H2 O) is employed as solvent to dissolve silver salt. In addition, organic
compound A is used as copper surfactant and silver reducing agent.

3.2 Experimental Procedure

Core-shell (Cu-Ag) nanowires are prepared by a new facile method using organic
compound A. As shown in Figure 3.1, this process is conducted by addition of organic
compound A and silver solution at room temperature without electrode and heating.
In a typical process, 0.3 mg of AgNO3 is dissolved in 2 ml of DI H2 O and 300µl
of silver solution is dropped into well-dispersed copper nanowires including 1 wt%
of organic compound A solution. After adding silver solution, the solution color is
changed from reddish brown to dark grey, which means that coating process is started
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Figure 3.1: Fabrication process of Cu-Ag nanowires
Table 3.1: Experimental condition of chemicals
Organic Compound A
(wt%)

AgNO3 (mg)

DI H2 O (ml)

Molarity (mM)

Vol. (µl)

1

0.3

2

0.88

300

in the solution. The final solution is stirred with an ultrasonication for 10 min. Table
3.1 shows the summary of chemicals condition for coating process.

3.3 Results

The core-shell (Cu-Ag) structure nanowires are prepared by adding 300 µl of silver
solution with a new facile method. In this experiment, silver coating is induced
because of oxidation-reduction reaction between copper and silver according to the
following chemical equation (3.1):

Cu → Cu2+ + 2e−

: E 0 = −0.3419V

Ag + + e− → Ag

: E 0 = +0.7996V

Cu + 2Ag + → Cu2+ + 2Ag ↓

: ∆E 0 = +0.4577V

(3.1)
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The reaction between copper and silver occurs spontaneously because the difference of redox potential (∆E 0 ) is positive with +0.4577V as shown in chemical
equation (3.1). Silver has higher reduction potential than copper, therefore, silver
ions can be reduced to silver atom (Wei et al. [2015];Zhao et al. [2015]).
Figure 3.2 indicates SEM images of copper nanowires after coating with silver.
Cu-Ag nanowires display the length of longer than 15 µm. Compared with Figure
2.17, which is before coating with silver, the surface of copper nanowires in Figure
3.2 is revealed slightly rough because of the formation of silver shell. The surface
of Cu-Ag nanowires and morphology are investigated by the TEM image and silver
shell is showed well-covered onto the surface of copper nanowires as shown in Figure
3.3. The diameter of copper core nanowires and thickness of silver shell are likely
difficult to accurately measure by TEM image because the precise boundaries are
not indicated between them. However, the diameter of copper core nanowires and
thickness of silver shell are displayed at value close to 90 nm and 12 nm, respectively,
from Figure 3.3.
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Figure 3.2: SEM images of Cu-Ag nanowires

Figure 3.3: TEM image of Cu-Ag nanowires
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3.4 Discussion

Cu-Ag nanowires are successfully fabricated through a new facile method using organic compound A. The oxidation resistance, which can determine the electrical property of Cu-Ag nanowires, may be different depending on silver shell thickness. At
least the shell thickness of 5 nm is necessary for preventing the oxidation, however,
the thickness close to 15 nm is superior oxidation resistance compared with that of 5
nm (Stewart et al. [2015]). In this experiment, fabricated Cu-Ag nanowires, may not
only prevent the oxidation of copper nanowire due to the thickness silver shell of 12
nm, which are the value close to 15 nm, but may also maintain superior conductivity
competed with silver.
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Chapter 4
Conclusions

In summary, this study was to optimize the synthesis of copper nanowire to improve the quality of copper nanowires using the solution-based method. The copper
nanowires were characterized by SEM and TEM. In order to determine and evaluate
the quality of copper nanowires, the effects of concentrations of N2 H4 , EDA, NaOH,
and copper precursor and various synthesis temperatures were studied. In addition,
the fabrication of core-shell (Cu-Ag) nanowires, which were covered with silver on
the surface of copper nanowire, was achieved by using organic compound A. The
Cu-Ag nanowires were characterized by SEM and TEM. Consequently, this study
proposed the optimization of synthesis of copper nanowires and a new facile method
for fabricating of Cu-Ag nanowires.
The effect of concentrations of N2 H4 as reducing agent is conducted. The diameter
of copper nanowires tended to become thicker along increasing the amount of diluted
N2 H4 . The excessive addition amount of diluted N2 H4 can be caused an unbalance
in the synthesis process.
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In terms of the effect of various synthesis temperatures, the relatively low temperature such as 40 ◦ C and 50 ◦ C, the aggregation of copper seeds was dominated. Thus,
the reaction temperature of least 60 ◦ C, at which the aggregation of copper seeds was
not observed, were suitable to synthesize copper nanowires. In addition, EDA were
actively performed at 70 ◦ C showing smooth surface of copper nanowire. However,
the temperature over 70 ◦ C has potential risk of water and solution evaporation, and
oxidation of copper nanowires during reaction time.
The tapered copper nanowires were resulted from unstable protected copper seeds
by EDA. As the amount of EDA increased or decreased, copper nanowires do not
show proportionally dimensional change. The addition of EDA was not guaranteed
the formation of copper nanowires completely, however, the amount of EDA can have
potential control the dimension of copper nanowires. However, overused EDA could
surround erratically copper seeds, which resulted in irregular the surface of copper
nanowires including copper nanoparticles. Therefore, the optimum amount of EDA
was essential to protect copper seeds and prevent the formation of tapered copper
nanowires.
The high-quality of copper nanowires, which displayed the length of longer than
18 µm and the diameter of 25 - 45 nm with high yield, were obtained under 9 M of
NaOH condition. The condition of 5 M and 7 M of NaOH was likely required the
increased amount of EDA to prevent the aggregation of copper seeds. The excessive
concentration over 9 M of NaOH was likely to prevent copper seeds from being cov-
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ered by EDA. Therefore, the concentration of NaOH and EDA was required to be
controlled at the same time to obtain regularity copper nanowires.
In the case of the high concentration of copper precursor than 17.1 mM was added
in the solution containing of 50 µl of EDA, the formation of large size of copper seeds
that induce thicker diameter of copper nanowires was caused and the aggregation
of copper seeds was formed due to insufficient of EDA. Therefore, increased amount
of EDA than 50 µl might be required to protect copper seeds properly to synthesize
well-aligned copper nanowires under the high concentration of copper precursor thatn
17.1 mM.
Cu-Ag nanowires were successfully fabricated by a new facile method using organic
compound A. The thickness of silver shell was measured the value close to 12 nm. This
thickness is likely suitable to prevent copper nanowires from being oxidized compared
with the results discussed by Stewart et al. [2015] that at least 5nm thickness of silver
shell enables to protect copper nanowire from oxidation and increasing thickness of
silver shell is more effective.
As a result, the synthesis of copper nanowires for high-quality were optimized by
9 M of NaOH, 50 µl of EDA, 17.1 mM of CuCl2 , and 5.7 mM of N2 H4 . In addition,
a new facile method using organic compound A for fabrication of core-shell (Cu-Ag)
nanowires was developed.
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